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(57) ABSTRACT

The invention provides the use of a solvent selected from the
group consisting of alkoxybenzenes and alkyl substituted
alkoxybenzenes in reducing the contact resistance in an
organic thin film transistor comprising a semiconductor layer
comprising a blend of a small molecule semiconductor mate-
rial and a polymer material that is deposited from a solution of
said small molecule semiconductor material and said poly-
mer material in said solvent and novel semiconductor blend
formulations that are of particular use in preparing organic
thin film transistors. Said solvents yield devices with lower
absolute contact resistance, lower absolute channel resis-
tance, and lower proportion of contact resistance to the total
channel resistance.
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LOW CONTACT RESISTANCE ORGANIC
THIN FILM TRANSISTORS

The present invention relates to organic thin film transis-
tors, and in particular to the reduction of contact resistance in
said transistors, especially those with a short channel length.

BACKGROUND OF THE INVENTION

Transistors can be divided into two main types: bipolar
junction transistors and field-effect transistors. Both types
share a common structure comprising three electrodes with a
semiconductive material disposed therebetween in a channel
region. The three electrodes of a bipolar junction transistor
are known as the emitter, collector and base, whereas in a
field-effect transistor the three electrodes are known as the
source, drain and gate. Bipolar junction transistors may be
described as current-operated devices as the current between
the emitter and collector is controlled by the current flowing
between the base and emitter. In contrast, field-effect transis-
tors may be described as voltage-operated devices as the
current flowing between source and drain is controlled by the
voltage between the gate and the source.

Transistors can also be classified as p-type and n-type
according to whether they comprise semiconductive material
which conducts positive charge carriers (holes) or negative
charge carriers (electrons) respectively. The semiconductive
material may be selected according to its ability to accept,
conduct, and donate charge. The ability of the semiconduc-
tive material to accept, conduct, and donate holes or electrons
can be enhanced by doping the material. The material used for
the source and drain electrodes can also be selected according
to its ability to accept and inject holes or electrons. For
example, a p-type transistor device can be formed by select-
ing a semiconductive material which is efficient at accepting,
conducting, and donating holes, and selecting a material for
the source and drain electrodes which is efficient at injecting
and accepting holes from the semiconductive material. Good
energy-level matching of the Fermi-level in the electrodes
with the HOMO (Highest Occupied Molecular Orbital) level
of the semiconductive material can enhance hole injection
and acceptance. In contrast, an n-type transistor device can be
formed by selecting a semiconductive material which is effi-
cient at accepting, conducting, and donating electrons, and
selecting a material for the source and drain electrodes which
is efficient at injecting electrons into, and accepting electrons
from, the semiconductive material. Good energy-level
matching of the Fermi-level in the electrodes with the LUMO
(Lowest Unoccupied Molecular Orbital) level of the semi-
conductive material can enhance electron injection and
acceptance.

Transistors can be formed by depositing the components in
thin films to form thin film transistors. When an organic
material is used as the semiconductive material in such a
device, it is known as an organic thin film transistor.

Various arrangements for organic thin film transistors are
known. One such device is an insulated gate field-effect tran-
sistor which comprises source and drain electrodes with a
semiconductive material disposed therebetween in a channel
region, a gate electrode disposed over the semiconductive
material and a layer of insulting material disposed between
the gate electrode and the semiconductive material in the
channel region.

An example of such an organic thin film transistor is shown
in FIG. 1. The illustrated structure may be deposited on a
substrate (not shown) and comprises source and drain elec-
trodes 2, 4 which are spaced apart with a channel region 6
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located therebetween. An organic semiconductor 8 is depos-
ited in the channel region 6 and may extend over at least a
portion of the source and drain electrodes 2, 4. An insulating
layer 10 of dielectric material is deposited over the organic
semi-conductor 8 and may extend over at least a portion of the
source and drain electrodes 2, 4. Finally, a gate electrode 12 is
deposited over the insulating layer 10. The gate electrode 12
is located over the channel region 6 and may extend over at
least a portion of the source and drain electrodes 2, 4.

The structure described above is known as a top-gate
organic thin film transistor as the gate is located on a top side
of the device. Alternatively, it is also known to provide the
gate ona bottom side of the device to form a so-called bottom-
gate organic thin film transistor.

An example of such a bottom-gate organic thin film tran-
sistor is shown in FIG. 2. In order to show more clearly the
relationship between the structures illustrated in FIGS. 1 and
2, like reference numerals have been used for corresponding
parts. The bottom-gate structure illustrated in FIG. 2 com-
prises a gate electrode 12 deposited on a substrate 1 with an
insulating layer 10 of dielectric material deposited thereover.
Source and drain electrodes 2, 4 are deposited over the insu-
lating layer 10 of dielectric material. The source and drain
electrodes 2, 4 are spaced apart with a channel region 6
located therebetween over the gate electrode. An organic
semiconductor 8 is deposited in the channel region 6 and may
extend over at least a portion of the source and drain elec-
trodes 2, 4.

The conductivity of the channel can be altered by the
application of a voltage at the gate. In this way the transistor
can be switched on and off using an applied gate voltage. The
drain current that is achievable for a given voltage is depen-
dent on the mobility of the charge carriers in the organic
semiconductor in the active region of the device (the channel
region between the source and drain electrodes). Thus, in
order to achieve high drain currents with low operational
voltages, organic thin film transistors must have an organic
semiconductor which has highly mobile charge carriers in the
channel region.

There are various compound types that have been devel-
oped in recent years that are potentially suitable for use as the
semiconductive material in organic thin film transistors. One
such class of particular importance is the so-called small
molecule semiconductors. These are non-polymeric semi-
conducting organic molecules. Typical examples include
pentacene derivatives and thiophene derivatives.

Although small molecule semiconductor materials can
exhibit high mobilities due to their highly crystalline texture
(particularly as thermally evaporated thin films) it can often
be difficult to obtain repeatable results from solution pro-
cessed films due to their poor film forming properties. Issues
with material reticulation from and adhesion to substrates,
film roughness and film thickness variations can limit the
performance of these materials in devices. Film roughness
can be a further problem for top-gate organic thin film tran-
sistor devices, as the accumulation layer is formed at the
uppermost surface of the semiconductor layer.

To overcome this problem, the use of semiconductor
blends consisting of small molecules and polymers has been
developed. The motivation for using such blends is primarily
to overcome the poor film forming properties of the small
molecule semiconductor materials. Blends of small mol-
ecules with polymers exhibit superior film forming properties
to the small molecule component due to the excellent film
forming properties of polymer materials.

A few examples of such blends (semiconductor-semicon-
ductor or semiconductor—insulator) in the literature include
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Smith et. al., Applied Physics Letters, Vol 93, 253301 (2008);
Russell et. al., Applied Physics Letters, Vol 87, 222109
(2005); Ohe et. al., Applied Physics Letters, Vol 93, 053303
(2008); Madec et. al., Journal of Surface Science & Nano-
technology, Vol 7, 455-458 (2009); and Kang et. al., J. Am.
Chem. Soc., Vol 130, 12273-75 (2008). Another example is
WO 2005/055248, which discloses the preparation of organic
thin film transistors in which the semiconductor layer is a
blend of a pentacene derivative with a semiconductor binder
such as a poly(triarylamine) or poly(9-vinylcarbazole) depos-
ited from a solution thereof in a solvent. The solvent used in
one of the examples is anisole. However, there is no disclo-
sure or suggestion in WO 2005/055248 that its use would
reduce contact resistance.

Chung et al, Thin Solids Films, published online Mar. 6,
2010, discloses the preparation of organic thin film transistors
in which the semiconductor layer is a blend of TIPS-penta-
cene with a poly(triarylamine) deposited from a solution
thereof in a solvent. The solvent used in one of the examples
is anisole. The authors discuss some properties resulting from
the use of different solvents to deposit the blend, such as
enhanced morphology and charge mobility in the channel
region. However, there is no correlation between the dis-
closed properties and contact resistance.

The prior art relating to semiconductor small molecule-
polymer blends has focused on improving the charge mobility
and on good stability. Selection of the semiconductor ma-
terial(s) and their ratios in the blend in order to optimise the
field effect mobility has been the major area of concern. No
research has been conducted into the solvent selection to
reduce contact resistance in devices incorporating semicon-
ductor blends.

The contact resistance in organic thin film transistors is a
crucial parameter to minimise (ideally eliminate), particu-
larly for short channel length devices (<20 um), where this
resistance can contribute a significant proportion to the total
channel resistance in the device. The higher the contact resis-
tance in the device, the higher the proportion of the applied
voltage is dropped across this and, as a result, the lower the
bias across the channel region is achieved. A high contact
resistance has the effect of a much lower current level being
extracted from the device due to the lower bias applied across
the channel region, and hence lower device mobility.

Minimising the contact resistance is particularly important
in devices incorporating high mobility semiconductor mate-
rials, as the channel resistance is lower (high conductivity)
than that observed in for example amorphous phase polymer
semiconductors alone at the same channel length. This is
therefore of particular importance for semiconductor materi-
als comprising crystalline materials that exhibit high mobili-
ties. For small molecule materials such as benzothiophene
derivatives and pentacene derivatives a low solubility is found
(0.4% w/v limit) and a poor film quality is also found. Above
this concentration, the material will form a crystalline pre-
cipitate in the host solvent. In this case adding a polymer
semiconductor becomes important from the point of view of
increasing the solution viscosity to improve film formation
and to act as a binder to ensure a continuous film is obtained
spanning from the source to drain electrodes. The polymer
semiconductor exhibits a high solubility in the same solvents
(above 2% w/v).

Conventionally, the contact resistance in organic thin film
transistors is reduced solely by applying surface treatment
layers to the source and drain electrodes prior to depositing
the semiconductor film or by changing the metal to a higher
work function metal as necessary to inject charges to the
HOMO level (for a p-type material). Such treatment layers
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(typically self assembled monolayers applied from solution
or vapour phase) are used to produce a dipole layer at the
metal surface to effectively shift the work function of the
source and drain contacts to align with the HOMO level in the
semiconductor and therefore reduce the barrier for charge
injection from metal to the semiconductor.

In some instances, these methods alone are not sufficient to
minimise the contact resistance. There is a need to find addi-
tional ways of reducing the contact resistance of organic thin
film transistors comprising semiconductor blend layers.

SUMMARY OF THE INVENTION

We have surprisingly discovered that the solvent for the
semiconductor layer is critical in order to reduce the contact
resistance of organic thin film transistors. Certain solvents
can be used to deposit a semiconductor layer comprising a
blend of a small molecule semiconductor material and a poly-
mer material from a solution thereof in said solvents, the
resulting organic thin film transistor comprising the semicon-
ductor blend layer surprisingly being found to have a much
lower contact resistance than that achieved with other sol-
vents.

(1) Thus, in a first aspect of the present invention there is
provided use of a solvent selected from the group consisting
of C,_, alkoxybenzenes and C,_, alkyl substituted C,_,
alkoxybenzenes in reducing the contact resistance in an
organic thin film transistor comprising a semiconductor layer,
wherein said semiconductor layer comprises a blend of a
small molecule semiconductor material and a polymer mate-
rial that is deposited from a solution of said small molecule
semiconductor material and said polymer material in said
solvent.

Thus, we have made the surprising discovery that using a
solvent selected from the group consisting of C, , alkoxyben-
zenes and C, _, alkyl substituted C,_, alkoxybenzenes to pre-
pare the semiconductor blend formulation for depositing as a
semiconductor layer comprising a blend of a small molecule
material and a polymer material and then depositing said
blend of small molecule semiconductor material and polymer
material in the formation of said transistor (e.g. in the channel
of a partially formed top gate organic thin film transistor)
reduces the contact resistance resulting from interaction
between said semiconductor blend and the electrodes. This is
of particular importance as the contact resistance is a crucial
parameter to minimise, particularly for short channel length
devices, where this resistance can contribute a significant
proportion to the total channel resistance in the device.

Preferred uses according to the present invention include:

(2) use according to (1) wherein the contact resistance is
reduced compared to an organic thin film transistor employ-
ing an equivalent amount of xylene in place of a solvent
selected from said group;

(3) use according to (2), wherein the contact resistance
using said solvent in depositing said semiconductor layer of
said organic thin film transistor is less than 50% the value
obtained employing an equivalent amount of xylene;

(4) use according to (2), wherein the contact resistance
using said solvent in depositing said semiconductor layer of
said organic thin film transistor or in semiconductor layer
formulation is less than 30% the value obtained employing an
equivalent amount of xylene;

(5) use according to (2), wherein the contact resistance
using said solvent in depositing said semiconductor layer of
said organic thin film transistor or in semiconductor layer
formulation is less than 15% the value obtained employing an
equivalent amount of xylene;
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(6) use according to any one of (1) to (5), wherein said
solvent is selected from the group consisting of anisole, 2-me-
thylanisole and 4-methylanisole;

(7) use according to any one of (1) to (6), wherein the
polymer material is a semiconducting polymer material;

(8) use according to (7), wherein said semiconducting
polymer material is a conjugated polymer comprising a
repeat unit of formula (1)

Rr!

@

Rr2

wherein R' and R? are the same or different and each is
selected from the group consisting of hydrogen, an alkyl
group having from 1 to 16 carbon atoms, an aryl group having
from 5 to 14 carbon atoms and a 5- to 7-membered heteroaryl
group containing from 1 to 3 sulfur atoms, oxygen atoms
and/or nitrogen atoms, said aryl group or heteroaryl group
being unsubstituted or substituted with one or more substitu-
ents selected from an alkyl group having from 1 to 16 carbon
atoms and an alkoxy group having from 1 to 16 carbon atoms;

(9) use according to (8), wherein said semiconducting
polymer material is a conjugated polymer comprising the
repeatunit (I), wherein R' and R? are the same or different and
each is selected from the group consisting of hydrogen, an
alkyl group having from 1 to 12 carbon atoms and a phenyl
group, said phenyl group being unsubstituted or substituted
with one or more substituents selected from an alkyl group
having from 1 to 12 carbon atoms and an alkoxy group having
from 1 to 12 carbon atoms;

(10) use according to (8), wherein said semiconducting
polymer material is a conjugated polymer comprising the
repeatunit (I), wherein R' and R? are the same or different and
each is selected from the group consisting of an alkyl group
having from 4 to 12 carbon atoms and a phenyl group, said
phenyl group being unsubstituted or substituted with one or
more substituents selected from an alkyl group having from 4
to 8 carbon atoms and an alkoxy group having from 4 to 8
carbon atoms;

(11) use according to any one of (8) to (10), wherein said
semiconducting polymer material is a conjugated polymer
comprising the repeat unit (1), said polymer further compris-
ing a repeat unit of formula (II):

Arl—N—A?2
1

wherein Ar' and Ar? are the same or different and each is
selected from an aryl group having from 5 to 14 carbon atoms
and a 5-to 7-membered heteroaryl group containing from 1 to
3 sulfur atoms, oxygen atoms and/or nitrogen atoms, said aryl
group or heteroaryl group being unsubstituted or substituted
with one or more substituents selected from an alkyl group
having from 1 to 16 carbon atoms and an alkoxy group having
from 1 to 16 carbon atoms; R3 is an alkyl group having from
1 to 8 carbon atoms or a phenyl group which may be unsub-
stituted or substituted with an alkyl group having from 1 to 8
carbon atoms;

and n is an integer greater than or equal to 1, preferably 1 or
2;
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(12) use according to (11), wherein each of Ar' and Ar® is
a phenyl group and R3 is an alkyl group having from 1 to 8
carbon atoms or a phenyl group which may optionally be
substituted with an alkyl group having from 1 to 8 carbon
atoms;

(13) use according to (11), wherein said semiconducting
polymer material is TFB [9,9'-dioctylfluorene-co-N-(4-bu-
tylphenyl)-diphenylamine|n;

(14) use according to any one of (1) to (13), wherein said
small molecule semiconductor material is selected from the
group consisting of substituted pentacenes and organic semi-
conducting compounds of formula (I1I):

(©eee)

wherein Ar’* Ar* Ar® and ArS independently comprise
monocyclic aromatic rings and at least one of Ar** Ar™ Ar®
and Ar® is substituted with at least one substituent X, which in
each occurrence may be the same or different and is selected
from the group consisting of (i) unsubstituted or substituted
straight, branched or cyclic alkyl groups having from 1 to 20
carbon atoms, alkoxy groups having from 1 to 12 carbon
atoms, amino groups that may be unsubstituted or substituted
with one or two alkyl groups having from 1 to 8 carbon atoms,
each of which may be the same or different, amido groups,
silyl groups and alkenyl groups having from 2 to 12 carbon
atoms, or (ii) a polymerisable or reactive group selected from
the group consisting of halogens, boronic acids, diboronic
acids and esters of boronic acids and diboronic acids, alky-
lene groups having from 2 to 12 carbon atoms and stannyl
groups, and wherein Ar’> Ar* Ar’ and Ar® may each option-
ally be fused to one or more further monocyclic aromatic
rings, and wherein at least one of Ar”* Ar* Ar’ and Ar® com-
prises a 5- to 7-membered heteroaryl group containing from 1
to 3 sulfur atoms, oxygen atoms, selenium atoms and/or nitro-
gen atoms;

(15) use according to (14), wherein Ar” is fused to a further
aryl group Ar’ to provide a structure of formula (IV):

(CEEED)

wherein Ar” represents a monocyclic aromatic ring unsub-
stituted or substituted with one or more substituents X, said
monocyclic aromatic ring Ar’ preferably being a 5- to
7-membered heteroaryl group containing from 1 to 3 sulfur
atoms, oxygen atoms, selenium atoms and/or nitrogen atoms;

(16) use according to (15), wherein Ar® is fused to a further
aryl system Ar® to provide a structure of formula (V):

(I

av)

V)

(CEERERE)

wherein Ar® represents a monocyclic aromatic ring unsub-
stituted or substituted with one or more substituents X, said
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monocyclic aromatic ring Ar® preferably being a 5- to
7-membered heteroaryl group containing from 1 to 3 sulfur
atoms, oxygen atoms, selenium atoms and/or nitrogen atoms;

(17) use according to (16), wherein Ar’ is fused to a further
aryl system Ar® to provide a structure of formula (VI):

(CEEEEED)

wherein Ar® represents a monocyclic aromatic ring unsub-
stituted or substituted with one or more substituents X, said
monocyclic aromatic ring Ar’ preferably being a 5- to
7-membered heteroaryl group containing from 1 to 3 sulfur
atoms, oxygen atoms, selenium atoms and/or nitrogen atoms;

(18) use according to any one of (14) to (17), wherein the
organic semiconducting compound comprises the structure:

VD

wherein X! and X* may be the same or different and are
selected from substituents X as defined in (15); Z* and Z* are
independently S, O, Se or NR*; and W' and W? are indepen-
dently S, O, Se, NR* or —CR*—CR*—, where R*is Hor a
substituent selected from the group consisting of unsubsti-
tuted or substituted straight, branched or cyclic alkyl groups
having from 1 to 20 carbon atoms, alkoxy groups having from
1to 12 carbon atoms, amino groups that may be unsubstituted
or substituted with one or two alkyl groups having from 1 to
8 carbon atoms, each of which may be the same or different,
amido groups, silyl groups and alkenyl groups having from 2
to 12 carbon atoms;

(19) use according to any one of (14) to (17), wherein the
organic semiconducting compound comprises the structure:

wherein X* and X? are as defined in (14), Z*, Z*, W' and W?
are as defined in (18) and V1 and V2 are independently S, O,
Se or NR® wherein R’ is H or a substituent selected from the
group consisting of unsubstituted or substituted straight,
branched or cyclic alkyl groups having from 1 to 20 carbon
atoms, alkoxy groups having from 1 to 12 carbon atoms,
amino groups that may optionally be substituted with one or
two alkyl groups having from 1 to 8 carbon atoms, each of
which may be the same or different, amido groups, silyl
groups and alkenyl groups having from 2 to 12 carbon atoms;

(20) use according to any one of (14) to (17), wherein the
semiconducting compound comprises the structure:
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wherein X' and X* are as defined in (14) and Z*, Z*, W' and
W? are as defined in (18).

(21) use according to any one of (14) to (17), wherein the
semiconducting compound comprises the structure:

b d

wherein Z', Z2, W' and W? are as defined in (18) and
X' —X'°, which may be the same or different, are selected
from substituents X as defined in (14).

(22) use according to (14), wherein said small molecule
semiconductor material is a benzothiophene derivative of
formula (VII):

(VID)

wherein A is a phenyl group or a thiophene group, said
phenyl group or thiophene group optionally being fused with
a phenyl group or a thiophene group which can be unsubsti-
tuted or substituted with at least one group of formula X**
and/or fused with a group selected from a phenyl group, a
thiophene group and a benzothiophene group, any of said
phenyl, thiophene and benzothiphene groups being unsubsti-
tuted or substituted with at least one group of formula X**;
and

each group X'! may be the same or different and is selected
from substituents X as defined in (14), and preferably is a
group of formula C,H,,,, , whereinn is 0 or an integer of from
1 to 20;

(23) use according to (22), wherein said small molecule
semiconductor material is a benzothiophene derivative of
formula (VII) wherein A is selected from:

a thiophene group that is fused with a phenyl group sub-
stituted with at least one group of formula X'!; or

a phenyl group that may optionally be substituted with at
least one group of formula X'1, said phenyl group further
optionally being fused with a thiophene group which can be
unsubstituted or substituted with at least one group of formula
X! and/or fused with a benzothiophene group, said ben-
zothiphene group being unsubstituted or substituted with at
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least one group of formula X', wherein X'* is a group of
formula C, H,,,, wherein nis 0 or an integer of from 1 to 16;

(24) use according to (22), wherein said small molecule
semiconductor material is a benzothiophene derivative of
formula (VII) selected from the following group:

wherein X'! is a group of formula C,H,,,,, wherein n is an
integer of from 4 to 16;

(25) use according to any one of (1) to (24), wherein the
ratio by weight of said small molecule semiconductor mate-
rial to said polymer material is from 10:90 to 90:10;

(26) use according to (25), wherein the ratio by weight is
from 30:70 to 80:20;

(27) use according to (25), wherein the ratio by weight is
from 80:20 to 60:40, preferably 70:30;

(28) use according to (1) of a solvent selected from the
group consisting of anisole, 2-methylanisole and 4-methy-
lanisole in reducing the contact resistance in an organic thin
film transistor comprising a semiconductor layer, wherein
said semiconductor layer comprises a blend of a small mol-
ecule semiconductor material and a polymer material com-
prising a semiconducting conjugated polymer, wherein:

the ratio by weight of said small molecule semiconductor
material to said polymer material is from 80:20 to 60:40;

said semiconducting conjugated polymer comprises the
repeat unit (I) according to (8), wherein R' and R* are the
same or different and each is selected from the group consist-
ing of an alkyl group having from 4 to 12 carbon atoms and a
phenyl group, said phenyl group being unsubstituted or sub-
stituted with one or more substituents selected from an alkyl
group having from 4 to 8 carbon atoms and an alkoxy group
having from 4 to 8 carbon atoms, said semiconducting con-
jugated polymer further comprising the repeatunit of formula
(11) as defined in (11) wherein each of Ar* and Ar* is a phenyl
group and R3 is an alkyl group having from 1 to 8 carbon
atoms or a phenyl group which may be unsubstituted or
substituted with an alkyl group having from 1 to 8 carbon
atoms; and

said small molecule semiconductor material has the fol-
lowing formula:

wherein X'! is a group of formula C H,,,, wherein n is an
integer of from 4 to 16;

(29) use according to (28), wherein:

said solvent is selected from the group consisting of ani-
sole, 2-methylanisole and 4-methylanisole;

the ratio by weight of said small molecule semiconductor
material to said polymer material is 70:30;
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each group X'! in said small molecule semiconductor
material is a hexyl group; and

said polymer material is TFB [9,9'-dioctylfluorene-co-N-
(4-butylphenyl)-diphenylamine]n;

(30) use according to any one of (1) to (29) in reducing the
contact resistance in an organic thin film transistor, said
organic thin film transistor comprising source and drain elec-
trodes with a channel region therebetween having a channel
length, a gate electrode, a dielectric layer disposed between
the source and drain electrodes and the gate electrode and the
semiconductor layer according to any one of (1) to (29) dis-
posed in at least the channel region between the source and
drain electrodes;

(31) use according to (30), wherein the channel length is
less than or equal to 20 pm;

(32) use according to (30), wherein the channel length is
less than or equal to 10 pm; and

(33) use according to any one of (30) to (32), wherein the
proportion of the contact resistance to the total channel resis-
tance in said organic thin film transistor is less than 60%,
preferably less than 50%.

We have also discovered certain novel semiconductor
blend formulations that are particularly suitable for use in the
preparation of organic thin film transistors, as they have both
excellent device mobilities and give very low contact resis-
tance when the blend has been deposited from the solvents of
the invention. Thus, in a second aspect of the present inven-
tion there is provided:

(34) a semiconductor blend formulation comprising a
small molecule semiconductor material, a polymer material
and a solvent, wherein:

said polymer material is a semiconducting conjugated
polymer as defined in any one of (8) to (13) above;

said small molecule semiconductor material is a semicon-
ductor as defined in any one of (14) to (24) above;

said solvent is selected from the group consisting of C,
alkoxybenzenes and C, _, alkyl substituted C,_, alkoxyben-
zenes; and

the ratio of said small molecule semiconductor material to
said polymer material in said blend is from 10:90 to 90:10;

Preferred embodiments of the semiconductor blend formu-
lation of the invention include:

(35) a semiconductor blend formulation according to (34),
wherein:

said semiconducting conjugated polymer comprises the
repeat unit (I) as defined in (8) above, wherein R' and R? are
the same or different and each is selected from the group
consisting of an alkyl group having from 4 to 12 carbon atoms
and a phenyl group, said phenyl group being unsubstituted or
substituted with one or more substituents selected from an
alkyl group having from 4 to 8 carbon atoms and an alkoxy
group having from 4 to 8 carbon atoms, said conjugated
polymer further comprising the repeat unit of formula (II) as
defined in (11) above wherein each of Ar' and Ar? is a phenyl
group and R3 is an alkyl group having from 1 to 8 carbon
atoms or a phenyl group which may be unsubstituted or
substituted with an alkyl group having from 1 to 8 carbon
atoms;

said small molecule semiconductor material is a ben-
zothiophene derivative of formula (VII):
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(VID)
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wherein A is a phenyl group or a thiophene group, said
phenyl group or thiophene group optionally being fused with
a phenyl group or a thiophene group which can be unsubsti-
tuted or substituted with at least one group of formula X'1
and/or fused with a group selected from a phenyl group, a
thiophene group and a benzothiophene group, any of said
phenyl, thiophene and benzothiophene groups being unsub-
stituted or substituted with at least one group of formula X**;
and

each group X'! may be the same or different and is selected
from substituents X as defined in (14) above, and preferably
is a group of formula C,H,,,, ; wherein n is O or an integer of
from 1 to 20;

said solvent is selected from the group consisting of ani-
sole, 2-methylanisole and 4-methylanisole; and

the ratio of said small molecule semiconductor material to
said polymer material in said blend is from 30:70 to 80:20;

(36) a semiconductor blend formulation according to (35),
wherein:

said semiconducting conjugated polymer is TFB [9,9'-dio-
ctylfluorene-co-N-(4-butylphenyl)-diphenylamine], ;

and said small molecule semiconductor material is a com-
pound of formula (VII) as defined in (35) wherein A is
selected from:

a thiophene group that is fused with a phenyl group sub-
stituted with at least one group of formula X'!;

a phenyl group that may be unsubstituted or substituted
with at least one group of formula X'*, said phenyl group
further optionally being fused with a thiophene group which
can be unsubstituted or substituted with at least one group of
formula X** and/or fused with a benzothiophene group, said
benzothiophene group being unsubstituted or substituted
with at least one group of formula X', wherein X! is a group
of formula C,H,,,,, wherein n is 0 or an integer of from 1 to
16; and

the ratio of said small molecule semiconductor material to
said polymer material in said blend is from 80:20 to 60:40;

(37) a semiconductor blend formulation according to (36),
wherein said small molecule semiconductor material is
selected from the following group:

wherein X'! is a group of formula C,H,,,,, wherein n is an
integer of from 4 to 16; and

the ratio of said small molecule semiconductor material to
said polymer material in said blend is from 80:20 to 60:40;

(38) a semiconductor blend formulation according to (36)
wherein:
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said polymer material is TFB [9,9'-dioctylfluorene-co-N-
(4-butylphenyl)-diphenylamine],,, and said small molecule
semiconductor material has the following formula:

wherein X'1 is a group of formula C,H,,,, , wherein n is an
integer of from 4 to 16; and

the ratio of said small molecule semiconductor material to
said polymer material in said blend is from 80:20 to 60:40;
and

(39) a semiconductor blend formulation according to (38),
wherein each group X! is a hexyl group and the ratio of said
small molecule semiconductor material to said polymer
material is 70:30.

We have also discovered a method for reducing the contact
resistance in an organic thin film transistor comprising a
channel region and a semiconductor layer by the use of par-
ticular solvents. Thus, in a third aspect of the present inven-
tion there is provided:

(40) A method for reducing the contact resistance in an
organic thin film transistor comprising a channel region and a
semiconductor layer, wherein said semiconductor layer com-
prises a blend of a small molecule semiconductor material
and a polymer material, said method comprising depositing
said small molecule semiconductor material and said poly-
mer material from a solution thereof'in said channel region of
said organic thin film transistor, wherein said solution com-
prises a solvent selected from the group consisting of C,
alkoxybenzenes and C, _, alkyl substituted C,_, alkoxyben-
zenes.

We have also discovered a method for reducing the contact
resistance in an organic thin film transistor comprising a
channel region and a semiconductor layer by the selection of
particular solvents. Thus, in a fourth aspect of the present
invention there is provided:

(41) A method for reducing the contact resistance in an
organic thin film transistor comprising a channel region and a
semiconductor layer, wherein said semiconductor layer com-
prises a blend of a small molecule semiconductor material
and a polymer material, said method comprising the steps of:

(1) selecting a solvent from the group consisting of C, ,
alkoxybenzenes and C,_, alkyl substituted C, , alkoxyben-
zenes and;

(ii) forming a solution of said small molecule semiconduc-
tor material and said polymer material in said solvent selected
in step (1); and

(ii1) depositing a semiconductor layer comprising a blend
of'said small molecule semiconductor material and said poly-
mer material from the solution prepared in step (ii) in the
channel region of said organic thin film transistor.

(42) A method according to (41), wherein step (ii) com-
prises forming a first solution of said small molecule semi-
conductor material in said solvent, forming a further solution
of said polymer material in the same said solvent and then
mixing the first and further solutions.

Preferred embodiments of the methods of the third and
fourth aspects of the invention include:

(43) a method according to any one of (40) to (42) wherein
the contact resistance is reduced compared to an organic thin
film transistor employing an equivalent amount of xylene in
place of a solvent selected from said group;

(44) amethod according to (43), wherein the contact resis-
tance using said solvent in depositing said semiconductor
layer of said organic thin film transistor is less than 30% the
value obtained employing an equivalent amount of xylene,
preferably less than 15%;

(45) amethod according to any one of (40) to (44), wherein
said solvent is selected from the group consisting of anisole,
2-methylanisole and 4-methylanisole;
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(46) amethod according to any one of (40) to (45), wherein
the polymer material is a semiconducting polymer material;

(47) a method according to (46), wherein said semicon-
ducting polymer material is a conjugated polymer comprising
a repeat unit of formula (1)

Rr!

@

Rr2

wherein R' and R? are the same or different and each is
selected from the group consisting of hydrogen, an alkyl
group having from 1 to 16 carbon atoms, an aryl group having
from 5 to 14 carbon atoms and a 5- to 7-membered heteroaryl
group containing from 1 to 3 sulfur atoms, oxygen atoms
and/or nitrogen atoms, said aryl group or heteroaryl group
being unsubstituted or substituted with one or more substitu-
ents selected from an alkyl group having from 1 to 16 carbon
atoms and an alkoxy group having from 1 to 16 carbon atoms;

(48) a method according to (47), wherein said semicon-
ducting polymer material is a conjugated polymer comprising
the repeat unit (I), wherein R* and R? are the same or different
and each is selected from an alkyl group having from 4 to 12
carbon atoms and a phenyl group, said phenyl group being
unsubstituted or substituted with one or more substituents
selected from an alkyl group having from 4 to 8 carbon atoms
and an alkoxy group having from 4 to 8 carbon atoms;

(49) a method according to (47) or (48), wherein said
semiconducting polymer material is a conjugated polymer
comprising the repeat unit (1), said polymer further compris-
ing a repeat unit of formula (II):

Arl—N—AP?
L

wherein Ar' and Ar? are the same or different and each is
selected from the group consisting of an aryl group having
from 5 to 14 carbon atoms and a 5- to 7-membered heteroaryl
group containing from 1 to 3 sulfur atoms, oxygen atoms
and/or nitrogen atoms, said aryl group or heteroaryl group
being unsubstituted or substituted with one or more substitu-
ents selected from an alkyl group having from 1 to 16 carbon
atoms and an alkoxy group having from 1 to 16 carbon atoms;
R3 is an alkyl group having from 1 to 8 carbon atoms or a
phenyl group which may be unsubstituted or substituted with
an alkyl group having from 1 to 8 carbon atoms;

an

and n is an integer greater than or equal to 1, preferably 1 or
2;

(50) a method according to (49), wherein each of Ar* and
Ar? is a phenyl group and R3 is an alkyl group having from 1
to 8 carbon atoms or a phenyl group which may be unsubsti-
tuted or substituted with an alkyl group having from 1 to 8
carbon atoms;

(51) a method according to (49), wherein said semicon-
ducting polymer material is TFB [9,9'-dioctylfluorene-co-N-
(4-butylphenyl)-diphenylamine]n;
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(52) A methodaccording to any one of (40) to (51), wherein
said small molecule semiconductor material is selected from
the group consisting of substituted pentacenes and organic
semiconducting compounds of formula (III):

(I

©ees)

wherein Ar> Ar* Ar’ and Ar® independently comprise
monocyclic aromatic rings and at least one of Ar’> Ar* Ar®
and Ar® is substituted with at least one substituent X, which in
each occurrence may be the same or different and is selected
from the group consisting of (i) unsubstituted or substituted
straight, branched or cyclic alkyl groups having from 1 to 20
carbon atoms, alkoxy groups having from 1 to 12 carbon
atoms, amino groups that may be unsubstituted or substituted
with one or two alkyl groups having from 1 to 8 carbon atoms,
each of which may be the same or different, amido groups,
silyl groups and alkenyl groups having from 2 to 12 carbon
atoms, or (ii) a polymerisable or reactive group selected from
the group consisting of halogens, boronic acids, diboronic
acids and esters of boronic acids and diboronic acids, alky-
lene groups having from 2 to 12 carbon atoms and stannyl
groups, and wherein Ar’> Ar* Ar’ and Ar® may each option-
ally be fused to one or more further monocyclic aromatic
rings, and wherein at least one of Ar”* Ar* Ar® and Ar® com-
prises a 5- to 7-membered heteroaryl group containing from 1
to 3 sulfur atoms, oxygen atoms, selenium atoms and/or nitro-
gen atoms;

(53) A method according to (52), wherein Ar5 is fused to a
further aryl group Ar” to provide a structure of formula (IV):

(CEERE)

wherein Ar” represents a monocyclic aromatic ring unsub-
stituted or substituted with one or more substituents X, said
monocyclic aromatic ring Ar’ preferably being a 5- to
7-membered heteroaryl group containing from 1 to 3 sulfur
atoms, oxygen atoms, selenium atoms and/or nitrogen atoms;

(54) a method according to (53), wherein Ar® is fused to a
further aryl system Ar® to provide a structure of formula (V):

(CEERERE)

wherein Ar® represents a monocyclic aromatic ring unsub-
stituted or substituted with one or more substituents X, said
monocyclic aromatic ring Ar® preferably being a 5- to
7-membered heteroaryl group containing from 1 to 3 sulfur
atoms, oxygen atoms, selenium atoms and/or nitrogen atoms;

(55) a method according to (54), wherein Ar” is fused to a
further aryl system Ar® to provide a structure of formula (VI):

av)

V)
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CEEEEEE)

wherein Ar® represents a monocyclic aromatic ring unsub-
stituted or substituted with one or more substituents X, said
monocyclic aromatic ring Ar’ preferably being a 5- to
7-membered heteroaryl group containing from 1 to 3 sulfur
atoms, oxygen atoms, selenium atoms and/or nitrogen atoms;

(56) a method according to (52), wherein said small mol-
ecule semiconductor material is a benzothiophene derivative
of formula (VII):

VD

(VID)
— Xl 1

\/\//

wherein A is a phenyl group or a thiophene group, said
phenyl group or thiophene group optionally being fused with
a phenyl group or a thiophene group which can be unsubsti-
tuted or substituted with at least one group of formula X**
and/or fused with a group selected from a phenyl group, a
thiophene group and a benzothiophene group, any of said
phenyl, thiophene and benzothiphene groups being unsubsti-
tuted or substituted with at least one group of formula X'*;
and

each group X'! may be the same or different and is selected
from substituents X as defined in (52), and preferably is a
group of formula C,H,,,, , whereinn is 0 or an integer of from
1 to 20;

(57) a method according to (56), wherein said small mol-
ecule semiconductor material is a benzothiophene derivative
of formula (VII) wherein A is selected from:

a thiophene group that is fused with a phenyl group sub-
stituted with at least one group of formula X'!; or

a phenyl group that may be unsubstituted or substituted
with at least one group of formula X'1, said phenyl group
further optionally being fused with a thiophene group which
can be unsubstituted or substituted with at least one group of
formula X*1 and/or fused with a benzothiophene group, said
benzothiphene group being unsubstituted or substituted with
at least one group of formula X!, wherein X'! is a group of
formula C, H,, ., wherein nis 0 or an integer of from 1 to 16;

(58) a method according to (56), wherein said small mol-
ecule semiconductor material is a benzothiophene derivative
of formula (VII) selected from the following group:

wherein X! is a group of formula C H,,,,, whereinn is an
integer of from 4 to 16;
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(59) a method according to any one of (40) to (58) above,
wherein the ratio by weight of said small molecule semicon-
ductor material to said polymer material is from 10:90 to
90:10, preferably from 30:70 to 80:20;

(60) a method according to (59), wherein the ratio by
weight is from 80:20 to 60:40, preferably 70:30;

(61) a method according to any one of (40) to (41) and 46
to 47 for reducing the contact resistance in an organic thin
film transistor, wherein;

said solvent is selected from the group consisting of ani-
sole, 2-methylanisol and 4-methylanisole;

the ratio by weight of said small molecule semiconductor
material to said polymer material is from 80:20 to 60:40;

said semiconducting conjugated polymer comprises the
repeat unit (I) according to (47) above, wherein R and R* are
the same or different and each is selected from the group
consisting of an alkyl group having from 4 to 12 carbon atoms
and a phenyl group, said phenyl group being unsubstituted or
substituted with one or more substituents selected from an
alkyl group having from 4 to 8 carbon atoms and an alkoxy
group having from 4 to 8 carbon atoms, said semiconducting
conjugated polymer further comprising the repeat unit of
formula (II) as defined in (49) above wherein each of Ar' and
Ar? is a phenyl group and R? is an alkyl group having from 1
to 8 carbon atoms or a phenyl group which may be unsubsti-
tuted or substituted with an alkyl group having from 1 to 8
carbon atoms; and

said small molecule semiconductor material has the fol-
lowing formula:

wherein X' is a group of formula C,H,,,,, wherein n is an
integer of from 4 to 16;

(62) a method according to (61), wherein:

said solvent is selected from the group consisting of ani-
sole, 2-methylanisole and 4-methylanisole;

the ratio by weight of said small molecule semiconductor
material to said polymer material is 70:30;

each group X'!' in said small molecule semiconductor
material is a hexyl group; and

said polymer material is TFB [9,9'-dioctylfluorene-co-N-
(4-butylphenyl)-diphenylamine],;

(63) amethod according to any one of (40) and (41) to (62)
above in reducing the contact resistance in an organic thin
film transistor, said organic thin film transistor comprising
source and drain electrodes with a channel region therebe-
tween having a channel length, a gate electrode, a dielectric
layer disposed between the source and drain electrodes and
channel region and the gate electrode and a semiconductor
layer, wherein said semiconductor layer is the semiconductor
layer according to any one of (40) to (62) above and is dis-
posed in at least the channel region between the source and
drain electrodes;

(64) a method according to (63), wherein the channel
length is less than or equal to 20 um, preferably less than or
equal to 10 um; and

(65) a method according to (63) or (64), wherein the pro-
portion of the contact resistance to the total channel resistance
in said organic thin film transistor is less than 60%, preferably
less than 50%.
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DETAILED DESCRIPTION OF THE INVENTION

As explained above, we have discovered that the solvent
for the semiconductor layer is critical in order to reduce the
contact resistance of organic thin film transistors. By using a
solvent selected from the group consisting of C, _, alkoxyben-
zenes and C,_, alkyl substituted C, , alkoxybenzenes to
deposit a semiconductor layer comprising a blend of a small
molecule semiconductor material and a polymer material
from a solution thereof in said solvent, the resulting organic
thin film transistor comprising the semiconductor blend layer
has a much lower contact resistance than that achieved with
other solvents.

For example, the contact resistance is reduced substantially
compared to an organic thin film transistor employing an
equivalent amount of xylene (i.e. the amount of xylene
required to prepare a solution with the same concentration of
the small molecule semiconductor material and the polymer
material) in place of a solvent selected from said group.

Solvents that reduce the contact resistance in accordance
with the current invention are selected from the group con-
sisting of C, _, alkoxybenzenes and C,_, alkyl substituted C,
alkoxybenzenes.

C, _, alkoxybenzenes are benzene groups substituted by an
alkoxy group having from 1 to 4 carbon atoms, examples of
which include methoxybenzene, ethoxybenzene, propoxy-
benzene, isopropoxybenzene and butoxybenzene. Preferred
examples are anisole and ethoxybenzene, and anisole is par-
ticularly preferred.

C, _, alkyl substituted C,_, alkoxybenzenes are the above
alkoxybenzenes that are substituted with a single alkyl group
having from 1 to 4 carbon atoms, examples of which include
methyl, ethyl, propyl, isopropyl and butyl groups. Preferred
C, , alkyl substituted C, , alkoxybenzenes include anisole
substituted in the 2-, 3- or 4-position by a methyl or ethyl
group and ethoxybezene substituted in the 2-, 3- or 4-position
by a methyl or ethyl group. 2-Methylanisole and 4-methy-
lanisole are particularly preferred.

The polymer material used in the preparation of the blend
according to the present invention can be a non-conducting
polymer material or it can be a semiconducting polymer
material. It can be any polymer material suitable for the
purpose of overcoming the low solubility and poor film form-
ing properties of organic semiconducting small molecules,
e.g. thoseknown to the skilled person as described in the prior
art such as Smith et. al., Applied Physics Letters, Vol 93,
253301 (2008); Russell et. al., Applied Physics Letters, Vol
87, 222109 (2005); Ohe et. al., Applied Physics Letters, Vol
93, 053303 (2008); Madec et. al., Journal of Surface Science
& Nanotechnology, Vol 7,455-458 (2009); and Kang et. al., J.
Am. Chem. Soc., Vol 130, 12273-75 (2008).

If it is a semiconducting polymer, it is preferably a conju-
gated polymer comprising a repeat unit of formula (I) as
defined in (8) above. Preferably, said conjugated polymer
comprising a repeat unit of formula (I) further comprises a
repeat unit of formula (II) as defined in (11) above. Preferred
semiconductor materials for use include TFB [9,9'-dio-
ctylfluorene-co-N-(4-butylphenyl)-diphenylamine],,.

The small molecule semiconductor material used in the
preparation of the blend according to the present invention
can be any small molecule semiconductor material suitable
for the purpose, e.g. those known to the skilled person skilled
as described in the prior art above or the small molecule
semiconductors described in W02010/061176. Preferred
examples of small molecule semiconductor materials for use
in the present invention are organic semiconducting com-
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pounds of formulae (III) to (VII) as defined in (14) to (24)
above. Particularly preferred are those as defined in (24).

In the polymer and small molecule semiconductors as
defined in (8) to (13) and (14) to (24) respectively for use in
the present invention, alkyl groups in the definitions of R*, R?,
Ar' and Ar? are alkyl groups having from 1 to 16 carbons
atoms and of R3 are alkyl groups having from 1 to 8 carbons
atoms, examples of which include methyl, ethyl, propyl, iso-
propyl and butyl.

In the polymers and small molecule semiconductors as
defined in (8) to (13) and (14) to (24) respectively for use in
the present invention, alkyl groups in the definitions of Ar®,
At A A A Ar®, AP, X, X, X2, R* and R are alkyl
groups having from 1 to 20 carbons atoms, examples of which
include methyl, ethyl, propyl, isopropyl and butyl.

In the polymers and small molecule semiconductors as
defined in (8) to (13) and (14) to (24) respectively for use in
the present invention, aryl groups in the definitions of R*, R?
are aryl groups having from 5 to 14 carbon atoms. Examples
include phenyl, indenyl, naphthyl, phenanthrenyl and anthra-
cenyl groups. More preferred aryl groups include phenyl
groups.

In the polymers and small molecule semiconductors as
defined in (8) to (13) and (14) to (24) respectively for use in
the present invention, heteroaryl groups in the definitions of
R, R?, Ar' and Ar? are 5- to 7-membered heteroaryl groups
containing from 1 to 3 sulfur atoms, oxygen atoms and/or
nitrogen atoms and of Ar®, Ar*, Ar®, Ar®, Ar’, Ar® and Ar® are
5-to 7-membered heteroaryl groups containing from 1 to 3
sulfur atoms, oxygen atoms, selenium atoms and/or nitrogen
atoms. Examples include furyl, thienyl, pyrrolyl, azepinyl,
pyrazolyl, imidazolyl, oxazolyl, isoxazolyl, thiazolyl,
isothiazolyl, 1,2,3-oxadiazolyl, triazolyl, tetrazolyl, thiadia-
zolyl, pyranyl, pyridyl, pyridazinyl, pyrimidinyl and pyrazi-
nyl groups. More preferred heteroaryl groups include furyl,
thienyl, pyrrolyl and pyridyl, and most preferred is thienyl.

In the polymers and small molecule semiconductors as
defined in (8) to (13) and (14) to (24) respectively for use in
the present invention, alkoxy groups in the definitions of R',
R?, Ar' and Ar? are alkoxy groups having from 1 to 16 carbons
atoms, examples of which include methoxy, ethoxy, propoxy,
isopropoxy and butoxy.

In the polymers and small molecule semiconductors as
defined in (8) to (13) and (14) to (24) respectively for use in
the present invention, alkoxy groups in the definitions of X,
X', X2, R* and R’ are alkoxy groups having from 1 to 12
carbons atoms, examples of which include methoxy, ethoxy,
propoxy, isopropoxy and butoxy.

In the polymers and small molecule semiconductors as
defined in (8) to (13) and (14) to (24) respectively for use in
the present invention, alkenyl groups in the definitions of X,
X!, X2, R* and R are alkenyl groups having from 2 to 12
carbon atoms, examples of which include ethenyl, propenyl
and 2-methylpropenyl.

In the polymers and small molecule semiconductors as
defined in (8) to (13) and (14) to (24) respectively for use in
the present invention the unsubstituted or substituted amino
groups in the definitions of X, X*, X?, R* and R® are amino
groups that may be unsubstituted or substituted with one or
two alkyl groups that may be the same or different, each
having from 1 to 8 carbon atoms, preferably from 1 to 4
carbon atoms. Preferred examples include amino, methy-
lamino, ethylamino and methylethylamino.

In the compounds of formulae (I1I) to (VI) according to
(14) to (21) above, the alkyl groups are straight, branched or
cyclic groups having from 1 to 20 carbon atoms and they may
be unsubstituted or substituted. Substituents include alkoxy
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groups having from 1 to 12 carbon atoms, halogen atoms,
amino groups that may be unsubstituted or substituted with
one or two alkyl groups that may be the same or different and
each having from 1 to 8 carbon atoms, acylamino groups
having from 2 to 12 carbon atoms, nitro groups, alkoxycar-
bonyl groups having from 2 to 7 carbon atoms, carboxyl
groups, aryl groups having from 5 to 14 carbon atoms and 5-
to 7-membered heteroaryl groups containing from 1 to 3
sulfur atoms, oxygen atoms, selenium atoms and/or nitrogen
atoms.

In the compounds of formulae (II1) to (VI) according to
(14) to (17) above, the Ar’, Ar*, Ar®, ArS, Ar’, Ar® and Ar®
comprise monocyclic aromatic rings. These are preferably
selected from aryl groups having from 5 to 14 carbon atoms
and 5- to 7-membered heteroaryl groups containing from 1 to
3 sulfur atoms, oxygen atoms, selenium atoms and/or nitro-
gen atoms; the monocyclic rings are more preferably selected
from phenyl, indenyl, naphthyl, phenanthrenyl, anthracenyl,
furyl, thienyl, pyrrolyl and pyridyl, and most preferably phe-
nyl or thienyl.

The organic thin film transistors according to the invention
may be any organic thin film transistors that comprise an
organic semiconductor layer. The transistors can be p-type or
n-type. Suitable transistor configurations include top-gate
transistors and bottom-gate transistors. One preferred
example of the uses and methods according to the invention is
in the preparation of an organic thin film transistor compris-
ing source and drain electrodes with a channel region ther-
ebetween, a gate electrode, a dielectric layer disposed
between the source and drain electrodes and channel region
and the gate electrode and a semiconductor layer, wherein
said semiconductor layer is the semiconductor layer accord-
ing to any one of (1) to (29) above and is disposed in at least
the channel region between the source and drain electrodes.

By using a solvent selected from the group consisting of
C,_, alkoxybenzenes and C, _, alkyl substituted C,_, alkoxy-
benzenes to deposit the semiconductor layer in producing an
organic thin film transistor such as a top-gate transistor
described above, itis possible to reduce the contact resistance
considerably. This is of considerable importance, especially
in organic thin film transistors with short channel lengths
(<20 um), where this resistance can contribute a significant
proportion to the total channel resistance in the device. The
higher the contact resistance in the device, the higher the
proportion of the applied voltage is dropped across it and, as
a result, the lower the bias across the channel region is
achieved. The present invention makes it possible to minimise
the contact resistance in a simple and cost effective manner,
and as a result it is possible to produce devices with a higher
mobility.

As noted earlier, one measure of the effectiveness of using
a solvent selected from the group consisting of C,_, alkoxy-
benzenes and C,_, alkyl substituted C,_, alkoxybenzenes in
reducing the contact resistance is by comparing the contact
resistance obtained with said solvent with that obtained with
an organic thin film transistor employing an equivalent
amount of xylene in place of a solvent selected from said
group. Another measure is the proportion of the contact resis-
tance to the total channel resistance in an organic thin film
transistor prepared according to the present invention. Using
the above solvents according to the uses or the methods of the
present invention, it is possible to obtain a proportion of the
contact resistance to the total channel resistance of less than
60%, preferably less than 50%. As a comparison, equivalent
devices prepared using xylene as a solvent have a proportion
of'the contact resistance to the total channel resistance which
is 70%. The lower proportion of the contact resistance to the
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total channel resistance obtained according to the present
invention results in a larger proportion of the applied bias
across the device being applied across the channel region.

The present invention may be further understood by con-
sideration of the following examples with reference to the
following drawings.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 shows a typical top gate thin film transistor;

FIG. 2 shows a typical bottom gate thin film transistor;

FIG. 3 shows the polymer component TFB and small mol-
ecule component SM used in the preparation of the semicon-
ducting blends in the example of the present application;

FIG. 4 is a schematic depiction of a top-gate organic thin
film transistor prepared according to the present invention;

FIG. 5 is a plot of saturation mobility (cm2/Vs) (taken in
the saturation regime of the device) obtained for devices using
solvents according to the present invention and other solvents
that are outside the scope of the invention;

FIG. 6 is a plot of average saturation mobility (cm2/Vs)
against channel length (um) obtained for devices obtained
using anisole and o-xylene as solvent; and

FIG. 7 is a plot of average saturation mobility (cm2/Vs)
against channel length (um) obtained for devices obtained
using anisole, 2-methylanisole, 4-methylanisole and o-xy-
lene as solvent.

EXAMPLES

The following examples focus on the use of certain sol-
vents of the present invention for obtaining high mobility, low
contact resistance organic thin film transistor (OTFT)
devices. Three specific examples of a small molecule-poly-
mer blend system are given as working examples based on
device results obtained in a top-gate, bottom contact device
configuration prepared according to the following preparative
procedure.

Preparative Example for the Fabrication of Organic Thin Film
Transistors

(1) Pre-Cleaning of OTFT Substrates and Self Assembled
Monolayer (SAM) Pre-Treatments:

The first step in fabrication of the device requires the pre-
cleaning of the device substrates and the application of self
assembled monolayer materials in order to ensure that a uni-
form surface energy is obtained in the channel region and the
contact resistance is minimised. The substrates consist of
gold source and drain electrodeson top of a chrome adhesion
layer on the glass surface. The substrates were cleaned by
oxygen plasma to ensure any residual photoresist material
(used for the source-drain electrode definition) is removed.

After the plasma treatment, a channel region SAM (phen-
ethyl-trichlorosilane) was applied from a solution in toluene
at a concentration of 20 mM by flooding the substrate in the
toluene solution for a period of 2 minutes. The solution was
removed by spinning the substrate on a spin coater, then
rinsing it in toluene followed by isopropanol. The same pro-
cess was repeated to apply the electrode SAM material (pen-
tafluorobenzenethiol) at the same concentration in isopro-
panol for a period of 2 minutes. Again, the substrate was
rinsed in isopropanol to remove any unreacted material from
the substrate. All of these steps were performed in air.
Samples were then transported to a dry nitrogen environment
and baked at 60° C. for 10 minutes to ensure the samples were
dehydrated.
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(ii) Preparation and Spin-Coating of the Semiconductor
Blend Material Solution:

The blends of small molecule and polymer materials were
prepared by mixing individual solutions by volume in which
each component was prepared in anisole. Each component
was prepared to a concentration of 0.4% w/v (4 mg per 1 ml
of solvent). The polymer component TFB (as disclosed in
WO 2010/084977) and small molecule component SM (pre-
pared in accordance with the methods disclosed in WO 2011/
004869) are shown in FIG. 3. Once dissolved by heating the
solutions, a blend was prepared by mixing the components to
a ratio of 7 parts small molecule solution to 3 parts polymer
solution. Deposition of this blend was made using a spin
coater at a coating speed of 600 rpm for a period of 30
seconds, then dried at 80° C. for a period of 10 minutes,
resulting in a film thickness of 30 nm.

Deposition of the Dielectric Layer:

A dielectric layer was then deposited on this semiconduc-
tor film. The dielectric material used was the fluorinated
polymer polytetrafluoroethylene (PTFE). Other suitable flu-
orinated polymers that could have been used include per-
fluoro cyclo oxyaliphatic polymer (CYTOP), perfluoro-
alkoxy polymer resin (PFA), fluorinated ethylene-propylene
(FEP), polyethylenetetrafluoroethylene (ETFE), polyvi-
nylfluoride (PVF), polyethylenechlorotrifluoroethylene
(ECTFE), polyvinylidene fluoride (PVDF), polychlorotrif-
Iuoroethylene (PCTFE), perfluoro elastomers (FFKM) such
as KalrezZ™ or Tecnoflon™, fluoro elastomers such as
Viton™, Perfluoropolyether (PFPE) and a polymer of tet-
rafluoroethylene, hexafluoropropylene and vinylidene fluo-
ride (THV).

Fluorinated polymers are an attractive choice for the
dielectric material, particularly in the field of organic thin film
transistors (OTFTs), because they possess a number of
favourable properties including:

(1) Excellent spin coating properties, for instance: (a) wet-
ting on awide variety of surfaces; and (b) film formation, with
the option of doing multi-layer coatings.

(ii) Chemical inertness.

(iii) Quasi-total solvent orthogonality: consequently, the
risk of the OSC being dissolved by the solvent used for
spin-coating the dielectric is minimal.

(iv) High hydrophobicity: this can be advantageous
because it results in low water uptake and low mobility of
ionic contaminants in the fluorinated polymer dielectric (low
hysteresis).

Deposition of the Gate Electrode:

Finally the gate electrode was deposited by thermal evapo-
ration of 5 nm chrome followed by 200 nm aluminium
through a shadow mask to give the desired organic thin film
transistor, as shown in schematic form in FIG. 4, wherein 13
and 14 are the source and drain electrodes, 15 is the electrode
SAM, 16 is the channel SAM, 17 is the semiconductor blend
layer, 18 is the dielectric layer and 19 is the gate electrode.

Device Characterisation:

Devices produced as described above were measured in
ambient conditions (no device encapsulation was used) using
a Hewlett Packard 4156C semiconductor parameter analyser
by measuring output and transfer device characteristics.
Device mobility was calculated from the transfer data in the
saturation regime. The saturation mobility as shown in the
titles of the FIGS. 6 and 7 discussed below refers to the
saturation regime mobility, where the drain electrode is
biased at —40V with reference to the source electrode. In this
regime, the drain current is said to be “saturated” with respect
to the drain bias, such that a higher drain bias does not result
in a higher drain current. Furthermore, the mobility is a mea-
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sure of how much current is delivered from the device, and
does not necessarily refer to the intrinsic mobility of the
semiconductor material itself (although in many instances
this is true). For example, a device with the same mobility of
material in the channel region may exhibit a higher contact
resistance as compared to another device, therefore exhibit-
ing a lower “device” mobility.

Example 1

In this first example, data were obtained from devices
prepared as described in the above preparative example with
semiconductor layers deposited from anisole, and these were
compared with data obtained from reference examples of
devices with films cast from other solvents, namely o-xylene,
tetralin, dimethylanisole and mesitylene. The saturation
mobility of the resulting devices was measured and is shown
in FIG. 5.

From FIG. 5, the mobility ranges were measured for 5 to

100 um devices, and these are set out in Table 1 below.
TABLE 1
Dimethyl
O-xylene Tetralin  anisole  Anisole Mesitylene
Mobility range 0.039 0.051 94x10> 0124 0.025
(em?/Vs) to 0.778 t0 0.510 to0.448 to01.040  to 0.428
For 5 to 100
um devices

The range in mobilities arises from the range of channel
lengths used in the test cells (5 to 100 um). Devices with the
shortest channel lengths were found to exhibit lower mobili-
ties (contact resistance is the more dominant component com-
pared to the total channel resistance) and vice versa. The
selection of anisole very clearly highlights the improvement
in device performance, with all devices exhibiting mobilities
of more than 0.1 cm2/Vs.

To highlight the mobility dependence on channel length,
FIG. 6 highlights the average saturation mobility for anisole
and xylene cast semiconductor films. Data are based on 8 thin
film transistors per channel length. The contact resistance for
these devices was calculated by extrapolating the total chan-
nel resistance from the output characteristics at low drain bias
(in the linear regime from 0V to -6 V) for a series of devices
with channel lengths from 5 to 100 pm. It was found that there
was a substantial reduction in contact resistance in the anisole
cast devices, the mobility of short channel length devices
from this solution improving by a factor of 3.6 and 4.9 for 5
and 10 um channel length devices respectively in comparison
to the o-xylene cast films.

Example 2

A reduced contact resistance is only part of the reason for
realising an improved device performance when using the
solvents of the invention such as anisole as the organic semi-
conductor solvent in place of xylene or another conventional
solvent. In addition to a lower absolute contact resistance, the
proportion of contact resistance to the total channel resistance
was also found to be lower for devices using the solvents of
the invention such as anisole. Table 2 below highlights the
average values of contact and channel resistances for a series
of devices with organic semiconductor layers deposited from
xylene or anisole. The devices were produced by depositing
an SM:TFB organic blend with a mass ratio of 70:30 respec-
tively from a solution thereof in the tested solvents. Values
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were calculated for a gate bias of -40V, and normalised to the
channel width (all devices have a channel width of 2 mm).

The total channel resistance shown in Table 2 below is
defined as the sum of the contact and channel resistances in
the device. The contact resistance is associated with the
metal-semiconductor interface and the channel resistance is
associated with the intrinsic mobility of the semiconductor
material itself in the channel region (a low resistance imply-
ing a high mobility material).

TABLE 2
Parameter O-xylene Anisole
Contact resistance (kQcm) 50.51 6.43
Total channel resistance for 76.90 15.93
L =10 pm device (kQcm)
Total channel resistance for 363.66 90.36
L =100 pm device (kQcm)
Contact resistance as a proportion 69.58 43.90
to total channel resistance
For L = 10 um device (%)
Contact resistance proportion to 22.33 9.99

total channel resistance
For L = 100 um device (%)

Devices with organic semiconductor films cast from ani-
sole exhibited a contact resistance of just 12% of the value
observed for devices with films cast from xylene. Further-
more, films cast from anisole also show an improved (lower)
channel resistance as compared to that from devices with
films cast from xylene. The average channel resistance (total
channel resistance minus the contact resistance) for films cast
from xylene is 26.4 kQcm, and for anisole devices is 9.5
kQcm, implying that the mobility of the material in the chan-
nel region is also improved when using anisole as the semi-
conductor film solvent.

Another view of highlighting the improved device perfor-
mance from the anisole based semiconductor inks can be
represented by the proportion of the contact to the total chan-
nel resistance in the device. Devices prepared from anisole
show a lower proportion of this contact resistance to the
overall resistance in the device channel of 44%, to that in
xylene ink based devices (70%).

Example 3

In this example, further solvents were tested and also found
to have superior properties in reducing contact resistance.
Devices were prepared as in the preparative example using a
solution of'a 30:70 mix of polymer component TFB and small
molecule component SM in the solvents 2-methylanisole and
4-methylanisole as the organic semiconducting layer. Com-
parative devices were also prepared using anisole (another
according to the invention) and o-xylene as solvents, as in
Example 1. The average saturation mobility of the devices
was measured and is shown in FIG. 7 together with the aver-
age contact resistance for each of the devices.

The results clearly show that the devices prepared using
2-methylanisole and 4-methylanisole as the solvent in depos-
iting the organic semiconductor blend have significantly
lower contact resistance values and higher average saturation
regime mobilities than that obtained from inks produced in
o-xylene. Due to the lower contact resistance for these anisole
derivatives, an increase in the mobility for short channel
length devices (L<20 pum) can be realised.

The mobility data in Table 3 below highlights the average
mobility of devices with channel lengths of 5 & 10 pm. It is
evident from these figures that the average mobility in short
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channel length devices in which the organic semiconductor
layer is deposited from one of the solvents of the invention is
significantly greater than that achieved with alternative sol-
vents such as xylene.

TABLE 3
2-Methyl- 4-Methyl-
O-xylene Anisole Anisole Anisole
Mobility 0.04 & 0.16 & 0.11 & 0.08 &
(em?/Vs) 0.07 0.35 0.24 0.14
For 5 & 10 pm
devices

In summary the improved mobility performance of devices
with semiconductor films cast from the solvents of the inven-
tion can be attributed to:

1. Lower absolute contact resistance

2. Lower absolute channel resistance

3. Lower proportion of contact resistance to the total chan-
nel resistance.

The above give rise to both a higher intrinsic mobility of the
semiconductor film (2) and a larger bias being applied across
the channel region of the device (1) and (3). Such a combi-
nation results in a higher device mobility for short channel
length devices.

The invention claimed is:

1. A method for reducing the contact resistance in an
organic thin film transistor comprising a channel region and a
semiconductor layer, wherein said semiconductor layer com-
prises a blend of a small molecule semiconductor material
and a polymer material, said method comprising depositing
said small molecule semiconductor material and said poly-
mer material from a solution thereof'in said channel region of
said organic thin film transistor, wherein said solution com-
prises a solvent selected from the group consisting of 2-me-
thylanisole and 4-methylanisole.

2. A method for reducing the contact resistance in an
organic thin film transistor comprising a channel region and a
semiconductor layer, wherein said semiconductor layer com-
prises a blend of a small molecule semiconductor material
and a polymer material, said method comprising the steps of:

(1) selecting a solvent from the group consisting of 2-me-
thylanisole and 4-methylanisole;

(ii) forming a solution of said small molecule semiconduc-
tor material and said polymer material in said solvent
selected in step (1); and

(ii1) depositing a semiconductor layer comprising a blend
of said small molecule semiconductor material and said
polymer material from the solution prepared in step (ii)
in the channel region of said organic thin film transistor.

3. A method according to claim 2, wherein step (ii) com-
prises forming a first solution of said small molecule semi-
conductor material in said solvent, forming a further solution
of said polymer material in the same said solvent and then
mixing the first and further solutions.

4. A method according to claim 1, wherein the contact
resistance is reduced compared to an organic thin film tran-
sistor employing an equivalent amount of xylene in place of a
solvent selected from said group.

5. A method according to claim 4, wherein the contact
resistance using said solvent in depositing said semiconduc-
tor layer of said organic thin film transistor is less than 30%
the value obtained employing an equivalent amount of
xylene.

6. A method according to claim 1, wherein the polymer
material is a semiconducting polymer material.
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7. A method according to claim 6, wherein said semicon-
ducting polymer material is a conjugated polymer comprising
a repeat unit of formula (1)

Rr!

@

Rr2

wherein R! and R? are the same or different and each is
selected from the group consisting of hydrogen, an alkyl
group having from 1 to 16 carbon atoms, an aryl group
having from 5 to 14 carbon atoms and a 5- to 7-mem-
bered heteroaryl group containing from 1 to 3 sulfur
atoms, oxygen atoms and/or nitrogen atoms, said aryl
group or heteroaryl group being unsubstituted or substi-
tuted with one or more substituents selected from an
alkyl group having from 1 to 16 carbon atoms and an
alkoxy group having from 1 to 16 carbon atoms.

8. A method according to claim 7, wherein said semicon-
ducting polymer material is a conjugated polymer comprising
the repeat unit (I), wherein R* and R? are the same or different
and each is selected from the group consisting of an alkyl
group having from 4 to 12 carbon atoms and a phenyl group,
said phenyl group being unsubstituted or substituted with one
or more substituents selected from an alkyl group having
from 4 to 8 carbon atoms and an alkoxy group having from 4
to 8 carbon atoms.

9. A method according to claim 7, wherein said semicon-
ducting polymer material is a conjugated polymer comprising
the repeat unit (I), said polymer further comprising a repeat
unit of formula (II):

Arl—N—A?2
1

wherein Ar' and Ar? are the same or different and each is
selected from the group consisting of an aryl group
having from 5 to 14 carbon atoms and a 5- to 7-mem-
bered heteroaryl group containing from 1 to 3 sulfur
atoms, oxygen atoms and/or nitrogen atoms, said aryl
group or heteroaryl group being unsubstituted or substi-
tuted with one or more substituents selected from an
alkyl group having from 1 to 16 carbon atoms and an
alkoxy group having from 1 to 16 carbon atoms; R is an
alkyl group having from 1 to 8 carbon atoms or a phenyl
group which may be unsubstituted or substituted with an
alkyl group having from 1 to 8 carbon atoms;

and n is an integer greater than or equal to 1.

10. A method according to claim 9, wherein each of Ar' and
Ar? is a phenyl group and R? is an alkyl group having from 1
to 8 carbon atoms or a phenyl group which may be unsubsti-
tuted or substituted with an alkyl group having from 1 to 8
carbon atoms.

11. A method according to claim 9, wherein said semicon-
ducting polymer material is TFB [9,9'-dioctylfluorene-co-N-
(4-butylphenyl)-diphenylamine],,.

12. A method according claim 1, wherein said small mol-
ecule semiconductor material is selected from the group con-
sisting of substituted pentacenes and organic semiconducting
compounds of formula (III):

an
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©ees)

wherein Ar’, Ar*, Ar’ and Ar® independently comprise
monocyclic aromatic rings and at least one of Ar’, Ar®,
Ar® and Ar® is substituted with at least one substituent X,
which in each occurrence may be the same or different
and is selected from the group consisting of (i) unsub-
stituted or substituted straight, branched or cyclic alkyl
groups having from 1 to 20 carbon atoms, alkoxy groups
having from 1 to 12 carbon atoms, amino groups that
may be unsubstituted or substituted with one or two
alkyl groups having from 1 to 8 carbon atoms, each of
which may be the same or different, amido groups, silyl
groups and alkenyl groups having from 2 to 12 carbon
atoms, or (ii) a polymerizable or reactive group selected
from the group consisting of halogens, boronic acids,
diboronic acids and esters of boronic acids and dibo-
ronic acids, alkylene groups having from 2 to 12 carbon
atoms and stannyl groups, and wherein Ar®, Ar*, Ar’ and
Ar® may each optionally be fused to one or more further
monocyclic aromatic rings, and wherein at least one of
A, Ar*, Ar’ and Ar® comprises a 5- to 7-membered
heteroaryl group containing from 1 to 3 sulfur atoms,
oxygen atoms, selenium atoms and/or nitrogen atoms.
13. A method according to claim 12, wherein Ar” is fused to
a further aryl group Ar” to provide a structure of formula (IV):

(CEEED)

wherein Ar” represents a monocyclic aromatic ring unsub-
stituted or substituted with one or more substituents X.

14. A method according to claim 13, wherein Ar® is fused to
afurther aryl system Ar® to provide a structure of formula (V):

(CEEEERE)

wherein Ar® represents a monocyclic aromatic ring unsub-
stituted or substituted with one or more substituents X.

15. A method according to claim 14, wherein Ar” is fused to

a further aryl system Ar’ to provide a structure of formula

(VD:

(I

av)

V)

VD

(CEEEEEE)

wherein Ar® represents a monocyclic aromatic ring unsub-

stituted or substituted with one or more substituents X.

16. A method according to claim 12, wherein said small

molecule semiconductor material is a benzothiophene deriva-
tive of formula (VII):
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. (VID)
== _X

\ / \ /

Xll

wherein A is a phenyl group or a thiophene group, said
phenyl group or thiophene group optionally being fused
with a phenyl group or a thiophene group which can be
unsubstituted or substituted with at least one group of
formula X*! and/or fused with a group selected from a
phenyl group, a thiophene group and a benzothiophene
group, any of said phenyl, thiophene and benzothiphene
groups being unsubstituted or substituted with at least
one group of formula X'*; and

each group X'!' may be the same or different and is a
substituent X.

17. A method according to claim 16, wherein said small
molecule semiconductor material is a benzothiophene deriva-
tive of formula (VII) wherein A is selected from:

a thiophene group that is fused with a phenyl group sub-
stituted with at least one group of formula X'!; or

a phenyl group that may be unsubstituted or substituted
with at least one group of formula X', said phenyl
group further optionally being fused with a thiophene
group which can be unsubstituted or substituted with at
least one group of formula X** and/or fused with a ben-
zothiophene group, said benzothiphene group being
unsubstituted or substituted with at least one group of
formula X*!, wherein X'! is a group of formula C,H,,,, ,
wherein n is 0 or an integer of from 1 to 16.

18. A method according to claim 16, wherein said small
molecule semiconductor material is a benzothiophene deriva-
tive of formula (VII) selected from the following group:

=== X!

/

\ / \

wherein X'! is a group of formula C,H,,,,, wherein n is an
integer of from 4 to 16.

19. A method according to claim 1, wherein the ratio by
weight of said small molecule semiconductor material to said
polymer material is from 10:90 to 90:10.

20. A method according to claim 19, wherein the ratio by
weight is from 80:20 to 60:40.

21. A method according to claim 1, wherein;

wherein the ratio by weight of said small molecule semi-
conductor material to said polymer material is from
80:20 to 60:40;

said semiconducting conjugated polymer comprises a
repeat unit of formula (I):
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R!

@

R2

wherein R' and R? are the same or different and each is
selected from the group consisting of an alkyl group
having from 4 to 12 carbon atoms and a phenyl group,
said phenyl group being unsubstituted or substituted
with one or more substituents selected from an alkyl
group having from 4 to 8 carbon atoms and an alkoxy
group having from 4 to 8 carbon atoms, said semicon-
ducting conjugated polymer further comprising a repeat
unit of formula (II):

oy
_[_Arl_ll\I_Arz_]n_

R3

wherein Ar' and Ar? are the same or different and each is
selected from the group consisting of an aryl group
having from 5 to 14 carbon atoms and a 5- to 7-mem-
bered heteroaryl group containing from 1 to 3 sulfur
atoms, oxygen atoms and/or nitrogen atoms, said aryl
group or heteroaryl group being unsubstituted or substi-
tuted with one or more substituents selected from an
alkyl group having from 1 to 16 carbon atoms and an
alkoxy group having from 1 to 16 carbon atoms; R is an
alkyl group having from 1 to 8 carbon atoms or a phenyl
group which may be unsubstituted or substituted with an
alkyl group having from 1 to 8 carbon atoms;

and n is an integer greater than or equal to 1

wherein each of Ar' and Ar? is a phenyl group and R? is an
alkyl group having from 1 to 8 carbon atoms or a phenyl
group which may be unsubstituted or substituted with an
alkyl group having from 1 to 8 carbon atoms; and

said small molecule semiconductor material has the fol-
lowing formula:

wherein X' is a group of formula C,H,,,,, wherein n is an
integer of from 4 to 16.

22. A method according to claim 21, wherein:

the ratio by weight of said small molecule semiconductor
material to said polymer material is 70:30;

each group X'! in said small molecule semiconductor

material is a hexyl group; and

said polymer material is TFB [9,9'-dioctylfluorene-co-N-

(4-butylphenyl)-diphenylamine],,.

23. A method according to claim 1, said organic thin film
transistor comprising source and drain electrodes with a
channel region therebetween having a channel length, a gate
electrode, a dielectric layer disposed between the source and
drain electrodes and channel region and the gate electrode,
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and a semiconductor layer, wherein said semiconductor layer
is disposed in at least the channel region between the source
and drain electrodes.

24. A method according to claim 23, wherein the channel
length is less than or equal to 20 um.

25. A method according to claim 23, wherein the propor-
tion of the contact resistance to the total channel resistance in
said organic thin film transistor is less than 60%.

26. A method according to claim 13, wherein said mono-
cyclic aromatic ring Ar’ comprises a 5- to 7-membered het-
eroaryl group containing from 1 to 3 sulfur atoms, oxygen
atoms, selenium atoms and/or nitrogen atoms.

27. A method according to claim 14, wherein said mono-
cyclic aromatic ring Ar® comprises a 5- to 7-membered het-
eroaryl group containing from 1 to 3 sulfur atoms, oxygen
atoms, selenium atoms and/or nitrogen atoms.

28. A method according to claim 15, wherein said mono-
cyclic aromatic ring Ar® comprises a 5- to 7-membered het-
eroaryl group containing from 1 to 3 sulfur atoms, oxygen
atoms, selenium atoms and/or nitrogen atoms.

29. A method according to claim 15, wherein each of said
monocyclic aromatic rings Ar”, Ar®, and Ar° comprises a 5- to
7-membered heteroaryl group containing from 1 to 3 sulfur
atoms, oxygen atoms, selenium atoms and/or nitrogen atoms.
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